Introduction
MLL translocations are identified in a subset of acute leukemia patients (Cimino et al., 1998; DiMartino and Cleary, 1999) , and in patients with therapy-induced secondary leukemia (Felix, 1998) . Unlike many other types of leukemia, the presence of an MLL translocation predicts early relapse and poor prognosis (for a review, see Cimino et al., 1998; DiMartino and Cleary, 1999) . Frequently, leukemic blasts are characterized by the expression of lymphatic and myeloid surface markers, defining MLL or mixed lineage leukemia gene (Ziemin van der Poel et al., 1991) . Recently, patients carrying MLL translocations were shown to exhibit a specific gene expression profile of activated and inactivated genes, suggesting a novel and specific disease phenotype (Armstrong et al., 2002) .
MLL protein belongs to the Trithorax protein family and is part of a nuclear regulatory mechanism that establishes an epigenetic transcriptional memory system (Francis and Kingston, 2001 ). This system is based on high molecular weight protein complexes that exert histone/chromatin-modifying/remodeling and transactivating/repressing activities. In general, 'chromatinmodifier complexes' are composed of different combinations of Polycomb-and Trithorax-group proteins, as well as general transcription factors (e.g. GATA proteins) in combination with protein complexes that exert chromatin remodeling and histone-modifying activities. As a result, specific gene expression patterns will be established and maintained throughout subsequent mitotic cell cycles, which in turn will allow cells to cope with their cellular fate, or their specific developmental or differentiation pathways.
The importance of MLL protein for hox gene expression has been demonstrated in the embryos of heterozygous and homozygous Mll knockout mice. Expression of MLL protein was not necessary for turning on transcription of certain hox genes, but for the maintenance of their transcription (Yu et al., 1998) . Insufficient Hox protein concentrations led to impaired development (Mll +/À ), while the homozygous knockout of the Mll gene was embryonal lethal at day 10.5 p.c. (Yu et al., 1995) .
The human MLL gene became of interest because of its genetic alterations that are strictly correlated with human acute leukemias (acute myeloid leukemia or acute lymphoblastic leukemia). An illegitimate recombination event between the MLL gene and any of its many translocation partner genes results in reciprocal MLL fusion genes. Comparative twin analysis and quantitative analysis of leukemic cell clones on Guthrie test cards suggested that MLL translocations occur between the second and third month of pregnancy. By that time point, organogenesis has already taken place and fetal liver hematopoiesis has been activated (Wiemels et al., 1999) . Obviously, MLL translocations are only permissive in cells predisposed to develop in hematopoietic cells, while they were never detected in any other tissue of the human body.
Based on our assumptions of MLL protein function, the disruption of an MLL wild-type allele and the additional expression of aberrant MLL fusion gene products are likely to result in the establishment of incorrect gene expression patterns during development of hematopoietic stem cells or progenitors.
Recently, experimental data became available that explained MLL protein function in more detail: Firstly, the MLL protein is rapidly proteolyzed into two large peptides, named MLL-N (amino acids 1-2666; p300) and MLL-C (amino acids 2719-3679; p180); the proteolytical sites were identified within two conserved amino-acid motifs (CS1: Q Â D Á GADD; CS2: Q Â D Á GVDD) and proteolytical cleavage occurs post-translationally between amino acids 2666/2667 and 2718/2719, respectively Yokoyama et al., 2002; Hsieh et al., 2003) . The resulting MLL peptides interact via dimerization domains located in MLL-N (amino acids 1979 -2130 and MLL-C (amino acids 3656-3969; FYRC and SET domain). The two complex MLL peptides build the basic structure required for an MLL multiprotein supercomplex (MLL MPSC) that consists of both MLL peptides and at least 27 additional proteins . The MLL MPSC exerts chromatin remodeling and histone-modifying activities, as concluded from the composition of the MLL MPSC and from experimental data . The post-translational cleavage and binding of MLL-N to MLL-C is protecting the MLL-N peptide from degradation (Hsieh et al., 2003) ; Secondly, MLL translocations occur predominantly between the exons 9 and 12, thus disrupting the wild-type MLL protein between aminoacid positions 1362 and 1444, respectively. As a result of reciprocal translocations, the N-terminal fusion portion of MLL exhibits two different DNA binding domains (AT-hooks and MT-domain; Zeleznik- Le et al., 1994; Birke et al., 2002) and the critical regions for correct subnuclear localization (Yano et al., 1997) . Therefore, fusions of the N-terminal portion of the MLL protein (amino acids 1-1362/1444) with various partner protein sequences (derivative 11 proteins) should target the same subnuclear compartment, as evidenced from independent studies that have demonstrated a nuclear punctate distribution in immunohistochemical studies (Yano et al., 1997; Caslini et al., 2000) . However, all derivative 11 proteins are missing the critical dimerization domain FYRN. This may indicate that derivative 11 proteins may not enter the MLL MPSC, but may compete for DNA binding (AT-hook, MT domain) at control regions or promoters of MLL MPSC target genes. Finally, fusion proteins containing the C-terminal portion of the MLL protein (derivative Z protein) contain both the FYRN and FYRC/SET interaction domain, as well as the proteolytic cleavage sites CS1 and CS2. Therefore, two cleaved peptides can be expected; one containing partner protein sequences fused to the PHD domain and the FYRN dimerization domain, while the other should be identical to the MLL-C peptide encoded by the wild-type MLL protein. The latter one exhibits the transcriptional transactivation domain, the FYRC dimerization domain, and the conserved SET domain. Thus, both post-translation cleavage products from a given derivative Z protein are functionally competent to compete for assembly into the MLL MPSC.
In conclusion, reciprocal fusion proteins of a given MLL translocation may either be assembled into the MLL MPSC, or are competing for DNA binding sites at MLL MPSC target genes, and thus, they are able to alter or disable functions of the MLL MPSC, which in turn may result in altered or ectopic gene expression patterns.
Apart from MLL translocations in acute leukemia and the recent findings, our knowledge of wild-type MLL protein function is limited, in particular, our insights into potential target genes affected by the MLL MPSC. For this reason, we used an established cell system to learn more about the pivotal role of the MLL protein in a 'normal' cellular environment. Expression profile experiments were performed using murine fibroblast lines that carry either wild-type or homozygously Disrupted Mll alleles to identify potential target genes that are affected by the absence or presence of MLL protein.
Results

Hybridization experiments and data analysis
First, the two fibroblast cell lines were analysed for their genotype and transcriptional properties of wild-type and disrupted Mll alleles (see Figure 1) . In a second step, three independent mRNA preparations (one a week) were isolated from the two lines and pooled to generate a normalized probe for the chip hybridization experiments. The complete experiment was repeated after 6 months of continuing cell culture to assure the significance of the data and to prevent arguments against genetic instability of the maintained lines. Both data sets were compared and the results indicated that both cell lines exhibit extremely divergent gene expression profiles, with many genes up-and downregulated (Pearson correlation coefficient r of experiment 1 ¼ 0.8859; experiment 2 ¼ 0.8853; see Figure 2 ). Using different filter set criteria (increase/decrease (A), signal log 2 ratio >1.32 or oÀ1.32 (B) and change P-value >0.999 or o0.001 (C)), a total of 197 differentially expressed candidate genes were consistently identified in both experiments. In Mll knockout cells, 136 genes were overexpressed, while in Mll wild-type cells 61 candidate genes were overexpressed. The top 40 gene lists of both cell lines are summarized in Tables 1 and 2 and the log 2 expression rates of these genes were visualized in heat maps (Figure 3 ).
Differential gene expression in Mll knockout cells
The most highly activated genes identified in the Mll knockout cells code for the p53 apoptosis effector related to Pmp22 (PERP), vascular smooth muscle aactin (VSMA), CD34 stem cell antigen, HNF-3/forkhead homolog (Brain factor 1), serine protease inhibitor 4 (PN-1), RBP-associated molecule RAM 14-1, PE31/ TALLA-1, Nestin, adaptor molecule SRCASM, and the Myelodysplasia/Myeloid leukemia factor 1.
The PERP gene has been identified as a direct p53 target gene upon induction of apoptosis in murine embryonal fibroblasts (MEFs). PERP gene transcrip-tion correlates with p53-dependent apoptosis but not with p53-mediated cell cycle arrest. PERP predominantly localizes to the endoplasmic reticulum and Golgi apparatus, and displays sequence similarity to PMP-22/ GAS-3 (peripheral myelin protein 22/growth arrest specific 3), a tetraspan membrane protein that is commonly mutated in human hereditary peripheral neuropathies (i.e. Charcot-Marie-Tooth). PERP appears to function in part by regulating cell proliferation and apoptosis (Attardi et al., 2000) .
vSMA is an important protein for smooth muscle contractions and involved in the process of wound healing and differentiation into myofibroblasts (Cogan et al., 2002) . The overexpression of vSMA was verified by immunohistological experiments and led to an alteration in the cellular morphology of MLL À/À and MLL +/+ cells (unpublished data). Relatively, little is known about the murine CD34 stem cell antigen. The murine counterpart of the human CD34 stem cell antigen has less importance for developmental processes of the hematopoietic system than in the human system. However, it is interesting to note that the CD34 antigen is highly expressed in MLL À/À fibroblasts, while transcription of CD34 is shut down in fibroblasts expressing the MLL protein (First experiment >100-fold; second experiment 74.5-fold). This may argue for a model in which stem cells that express high levels of the CD34 antigen have their Mll gene turned off. During hematopoietic differentiation, the Mll gene is transcriptionally turned on, and thus, CD34 production is lowered and finally shut down. If this is also true for human cells, long-term cultivation of hematopoietic stem cells, without losing differentiation potential, may be performed by blocking MLL gene expression using RNAi technologies.
HNF-3/forkhead homolog (Brain factor 1; BF-1) belongs to the winged helix gene family that encodes transcriptional repressor proteins. BF1 plays a pleiotropic role during development of the cerebral hemispheres of the brain. Mice lacking BF1 have defects in the morphogenesis of the dorsal telencephalon (e.g. neocortex) and the ventral telencephalon (Hanashima et al., 2002) . BF1 interacts with several SMAD proteins via the FAST-2 protein (forkhead activin signal transducer-2) protein. This prevents SMAD2/4 proteins to bind to their cognate DNA response elements, located in several promotors of TGF-b inducible genes. Moreover, BF-1 antagonizes TGF-b signaling (Dou et al., 2000) .
Serine protease inhibitor 4 (protease-nexin 1, PN-1) is a serine protease inhibitor (serpin) that inactivates several proteases, including thrombin, urokinase, plasminogen activators (PA), and plasmin. It also plays a role in regulating proteolytic activity generated by the PA system. PN-1 is known to be involved in tissue remodeling, cellular invasiveness, matrix degradation, and tumor growth. PN-1 is highly secreted by astrocytes in the brain but overexpression of PN-1 leads to progressive neuronal and motor dysfunction in postmitotic neurons because of altered postsynaptic transmission (Meins et al., 2001) .
RBP-Jk associated molecule RAM 14-1 (Kyo-T2) mRNA represents a splice variant of the Kyo-T gene. It encodes two LIM domains and a specific interaction domain for the RBP-Jk protein. RAM 14-1 protein was identified as a specific inhibitor of the Notch-1 pathway by preventing the Notch-1 IC/RBP-Jk heterodimeric protein from binding to its cognate DNA target site (Taniguchi et al., 1998) . Thus, the Notch-1 and subsequent differentiation pathways are blocked. The currently known target genes affected by the Notch-1 pathway are the hairy/enhancer of split (hes) genes, the HERP1 and HERP2 genes, and the NFkB2 gene. They are important for somatic recombination, MHC expression and are involved in the processes of neuronal and sensory organ development (de la Pompa et al., 1997). RBP-Jk protein heterodimerizes also with EBNA2 and EBNA3A-C, and thus establishes ectopic gene expression patterns leading to cellular transformation after EBV infection (summarized in Figure 4 ). More interestingly, both the notch-1 and the RBP-Jk knockouts are embryonal lethal at day 10.5 p.c., the same day of development when homozygous Mll knockout mice die in utero. This argues for a link of the Mll knockout phenotype with impaired Notch-1 or RBP-Jk functions.
The four and a half LIM domain 1 gene transcript (FLH1; Kyo-T1) was also found to be activated. This transcript represents another splice form of the Kyo-T gene that is predominantly found in the cardiovascular system and in striated muscles (Chu et al., 2000) . FLH1 expression is linked to key events in myogenesis and functions as transcriptional coactivator for CREB or CREM transcription factors.
PE31/TALLA-1 (A15) is a member of the transmembrane 4 gene superfamily and was isolated by differential screening of the cDNAs that are preferentially expressed on immature T-cells. TALLA-1 antigen has been found to be expressed exclusively on T-ALL cell lines, but was completely absent on peripheral blood mononuclear cells, including fresh and activated T cells (Takagi et al., 1995) . A15 encodes 244 amino acids with four hydrophobic domains. Northern blot analysis of the RNA samples from various mouse tissues disclosed that the A15 transcripts are expressed most strongly in the brain, and are detectable in the colon, muscle, heart, kidney, and spleen. In situ hybridization of the mouse brain with an A15 ribo-probe suggests that A15 protein may have a fundamental role within the higher nervous system (Hosokawa et al., 1999) .
Nestin is an embryonic intermediate filament protein that represents a neural precursor/embryonal stem cell marker and is correlated with a differentiation fate to astroglial cells. Nestin may play an important role in remodeling and repairing the postnatal and adult central nervous system. Nestin has also been implicated in myogenesis (Wei et al., 2002) .
The SRCASM protein is an adapter protein that interacts with and is phosphorylated by Fyn, a Src family tyrosine kinase. Phosphorylated SRCASM protein is able to interact with Grb-2 and the regulatory subunit of phosphoinositol 3-kinase, p85, and thus links a cell surface receptor to several signal cascades (Seykora et al., 2002) .
Myelodysplasia/myeloid leukemia factor 1 (Mlf1) is a nuclear proto-oncoprotein involved in the Figure 2 Scatter data of the chip hybridization experiment. Scatter blots showing the raw data of the first and second chip hybridization experiment. The second experiments was performed 6 month after the first experiment. Red dots: present in both population but unaffected; yellow dots: absent or marginal in both populations; green dots: genes only present in MLL À/À cells; black dots: only present in MLL +/+ cells. The Pearson correlation coefficients were 0.8859 and 0.8853, respectively. The diagnonal lines indicate two-, three-, five-, and 10-fold overexpression for both subsets t(3;5)(q25.1;q34) translocation (NPM-MLF1 fusion protein) associated with acute myeloid leukemia (Yoneda-Kato et al., 1996) . Mlf1 tissue distribution is restricted during development and postnatal life, with high levels present only in skeletal, cardiac, and selected smooth muscle, gonadal tissues, and rare epithelial tissues including the nasal mucosa and the ependyma/choroid plexus in the brain. Mlf1 transcripts were undetectable in the lymphohematopoietic organs (embryonic and adult mouse), suggesting that the NPM-MLF1 fusion protein contributes to MDS/AML by ectopic overexpression of parts of the MLF1 protein in hematopoietic tissues. MLF1 protein is able to interact with the myeloid nuclear differentiation factor (MNDA) that is also a nuclear protein expressed specifically in the developing cells of the myelomonocytic lineage, including the end-stage monocytes/macrophages and granulocytes. Moreover, elevated MLF1 expression is correlated with malignant progression from myelodysplastic syndrome.
Some hox genes were identified to be transcriptionally activated in MLL À/À cells: the homeo box genes hoxA1, hoxD8, and msh-like 2 (hox8.1) were found to be upregulated 5.6-fold, 14.8-fold, and 11.7-fold, respectively. HoxA1 protein is involved in patterning the hindbrain and neuronal crest cells. Targeted disruption of hoxA1 led to severe abnormalities of the optic capsule and membranous labyrinth (Pasqualetti et al., 2001) and to malformations of the rhombomeric organization of the hindbrain. HoxD8 protein was found to be expressed in mesoderm and neuroectodermal structures, as well as in limbs and gonads (Izpisua-Belmonte et al., 1990) . Hox8.1 protein is expressed in the surface ectoderm and in the optical vesicle before invagination (Monaghan et al., 1991) .
SUMO proteins are small ubiquitin-related polypeptides that are reversibly conjugated to many nuclear proteins. SUMOylation of target proteins does not lead to degradation but instead appears to regulate proteinprotein interactions, intracellular localization and protects some modified targets from ubiquitin-dependent degradation. SUMO alters the interaction properties of its targets and affects their subcellular localization. Examination of the PML nuclear bodies, whose components are SUMOylated, has revealed this modification to be essential for structural and functional integrity (Seeler and Dejean, 2001 ). TOB and ANA are both members of the TOB/BTG antiproliferative protein family. The BTG gene family includes Pc3/Btg2, Btg1, TOB, TOB2, ANA/Btg3, Pc3k, and others. Unphosphorylated TOB negatively regulates proliferation of osteoblasts and T cells by inhibiting G0/ G1 to S transitions. Activation of the ras/raf cascade leads to ERK1/2-dependent phosphorylation of TOB (Suzuki et al., 2002) that reduces its ability to block cell cycle progression (affects Rb, cyclin D1).
Differential gene expression in Mll wild-type cells
The most activated genes identified in the Mll wild-type cells code for Mrp/plf3 proliferin, matrix g-carboxyglutamate protein (MGP), IL-1R antagonist, ectonucleotide pyrophosphatase, collagen type VI alpha 3(COL6A3), dimerization cofactor of hepatocyte nuclear factor 1 a (DCoH), mast cell protease 7, and angiotensinogen.
Proliferin has been described as a growth factor of the prolactin/growth hormone family and as an angiogenic placental hormone. It is normally expressed during cutaneous wound healing processes and is temporally expressed during the hair follicle cycle. Recently, it has been identified to be overexpressed in the end stage of fibrosarcomas, indicating a potential role as angiogenic hormone for malignantly transformed tumor cells (Toft et al., 2001) .
MGP has been identified as the key regulatory molecule after PTH-mediated inhibition of the bone mineralization process by osteoblasts (Gopalakrishnan et al., 2001) . MGP overexpression in developing limbs inhibits cartilage mineralization, delays chondrocyte maturation, and blocks endochondral ossification. MGP is a powerful and developmentally regulated inhibitor of cartilage mineralization, and appears to (Yagami et al., 1999) . In addition, MGP mRNA is constitutively expressed in normal vascular smooth muscle cells and plays a role in preventing vascular calcification processes. IL-1R antagonist is a competitive inhibitor of the binding of IL-1 to the IL-1 receptor (IL-1R). Thus, IL-1R antagonist is a powerful inflammatory inhibitor that counteracts IL-1-mediated inflammation, septic shocks, and hematopoietic defects. Mice lacking the IL-1R antagonist (IL-1Ra) gene show abnormal development and homeostasis as well as altered responses to infectious and inflammatory stimuli (Irikura et al., 2002) . Absence of IL-1 signaling appears to assist the early embryonic blastomer cleavage (Spandorfer, 2000) . In addition, Il-1R antagonist is highly expressed in embryos during implantation into the endometrial surface.
Ectonucleotide pyrophosphatase belongs to a family of membrane bound enzymes that degrade extracellular ATP and ATP derivatives, which are known to influence cell signaling, cell motility, inflammation, and apoptosis. It is also known to be an activation marker of basophil granulocytes (CD203c) after allergic response and can be transcriptionally upregulated by TGF-b. Overexpression of ectonucleotide pyrophosphatase serves to prevent inflammation and influences cellular communication (for a review, see Bollen et al., 2000) .
COL6A3 is a primary constituent of the extracellular matrix and disruption of the COL6A3 gene has been implicated in muscular dystrophies. It also plays an important role at later stages of neural crest development and promotes neural crest cell migration and attachment (Perris et al., 1993) . COL6A3 shows specific interaction with decorin as well as interactions with other matrix proteins, for example, hyaluronan, heparan sulfate, and NG-2 proteoglycans (Burg et al., 1996) . Significantly, the NG-2 surface protein has been identified in MLL translocation patients (Armstrong et al., 2002) . COL6A3 can be transcriptionally upregulated by TGF-b.
The dimerization cofactor of hepatocyte nuclear factor 1 alpha, the bifunctional DCoH protein, stabilizes HNF-1 alpha dimers and enhances their transcriptional activity (Mendel et al., 1991) . In addition, DCoH protein is a pterin-4-a-carbinolamine dehydratase that is involved in the regeneration of the cofactor tetrahydrobiopterin. HNF-1 a (TCF-1) has been identified to be biallelic inactivated in hepatic adenomas (Bluteau et al., 2002) and plays an important role as nuclear Besides these, several transcription factors have been identified in Mll wild-type cells, which are involved in ecto-and mesodermal development during organogenesis.
Mesenchyme fork head-1 (MFH-1) is a winged helix/ forkhead transcription factor that binds to the HNF-3 binding site and acts as positive transactivator. MFH-1 is expressed temporally in developing embryos, first in the non-notochordal mesoderm and later in areas of mesenchymal condensation in the prospective trunk region, in cephalic neural crest and cephalic mesodermderived mesenchymal cells of the prechordal region in early embryos. Moreover, BMP-2 induces the expression of MFH-1 in developing cartilaginous tissues, kidney, and arch arteries, and is essential for the normal development of the axial skeleton and aortic arch formation of mice. MFH-1-deficient mice die embryonically and perinatally, and exhibit an interrupted aortic arch, skeletal defects, defects in the neurocranium and the vertebral column (Iida et al., 1997) .
Twist-related bHLH protein Dermo-1 is a multifunctional basic helix-loop-helix transcription factor binding to the E-box consensus sequence (CANNTG) and has been shown to be a potent negative regulator for gene transcription and apoptosis. Dermo-1 is a homolog to Drosophila Twist and is expressed in a subset of mesodermally and ectodermally derived tissues. Dermo-1 represses in a dose-dependent fashion the transcriptional activation mediated by the heterodimer MyoD/MEF-2 (myocyte enhancer factor 2; Gong and Li, 2002).
A set of hox genes was identified to be transcriptionally activated in MLL +/+ cells. The genes hoxA7, hoxB9, hoxC9, hox 3.1 (hoxC8), iroquois, and the paired-like homeo-domain transcription factor 2 (RIEG, Ptx2, ARP1) were upregulated 14.8-, 5.4-, 9.0-, 5.4-, 3.9-, and 26.7-fold, respectively. Significantly, the four genes hoxa7, hox C8, hoxC9, and ARP1 have already been identified as MLL target genes (Arakawa et al., 1998; Yu et al., 1998; Milne et al., 2002) .
HoxB9 expression is correlated with myeloid and erythroid differentiation processes, while HoxC8 is found to be mainly involved in neuronal development. Homozygous knockout of hoxC9 is correlated with anterior transformation of several skeletal vertebrae and an additional pair of ribs (Le Mouellic et al., 1992) . The Iroquois homeobox protein 3 (IRX-3) plays a pivotal function in the initial specification of the vertebrate neuroectoderm, and in concert with other transcription factors for later subdivision of the anterior-posterior and dorso-ventral axis of the neuroectoderm. Iroquois proteins are effective early in development to specify the identity of diverse territories of the body, such as the dorsal head and dorsal mesothorax of Drosophila and the neural plate (Cavodeassi et al., 2001 ). In addition, iroquois genes are known targets of Pc-G/Trx-G complexes, an additional hint that an MLL target gene has been identified. ARP1 is expressed highly in bone marrow cells, but is completely absent in leukemic blasts carrying an MLL translocation. The latter protein is also involved in developing processes of the brain (diencephalon, mesencephalon, and rhombencephalon), in postmitotic neuron development, as well as in the development of eyes, teeth and the umbilicus. Mutations lead to malformations similar to those described in Rieger syndrome (for a review, see Alward, 2000) .
A number of genes were found to be activated in MLL-expressing cells that encode secreted proteins. Gremlin is a member of the Dan family of BMP antagonists that functions early in development. Gremlin is able to bind to BMP2, BMP4, and BMP7 and prevent them from binding to their cognate receptors. Binding to these BMPs influences many developmental processes, for example, mesoderm development, control of limb outgrowth, and lung development (Capdevila et al., 1999) . Gremlin is downregulated in transformed cells, while overexpression of Gremlin in tumor cell lines has a tumor suppressive effect.
b ig-h3 protein is secreted from many different cells after TGF-b treatment (Skonier et al., 1992) . Human fibroblasts secrete b ig-h3 into the extracellular matrix where it binds to fibronectin (FN) and type I collagen (Col I). It is involved in the tube formation process of blood vessels during angiogenesis, an important mechanism for embryonic development, wound healing, and tumor growth, In addition, transformed cells downregulate b ig-h3 protein.
The GDP dissociation inhibitor (D4) is a homolog of RhoGDI; both exhibit GDI activity against the Rasrelated Rho family GTPases (CDC42Hs, rho and rac I proteins). During murine embryogenesis, GDP dissociation inhibitor (D4) transcripts are detected in yolk-sac cells, where the earliest hematopoietic precursors are found. When these precursors undergo proliferation and differentiation, a dramatic increase in GDP dissociation inhibitor (D4) expression is observed. Another argument for the significance of the GDP dissociation inhibitor (D4) arises from in vitro differentiation experiments; when totipotent murine embryonic stem cells develop into hematopoietic cells, the GDP dissociation inhibitor (D4) gene is activated with the onset of hematopoiesis and modulated during further development (Lelias et al., 1993) .
Sprr1a gene overexpression has been identified in injured neurons, where it is upregulated up to 60-fold. Overexpressed Sprr1a colocalizes with F-actin in membrane ruffles and augments axonal outgrowth and is essential for successful nerve regeneration (Bonilla et al., 2002) .
Growth arrest specific 1 (GAS-1) was identified in Mll wild-type cells. The gene product is known as a tumor suppressor and is able to inhibit growth transformation of tumor cells by blocking G0/G1 transition and DNA synthesis. The mechanism is p53-dependent and cannot be observed in p53-mutated cells or MDM-2-overexpressing cells. Besides its effects on cell cycle and proliferation, GAS proteins are developmentally expressed in spatial-temporal expression patterns. GAS-1 expression was identified in 8.5-to 14.5-day-old embryos where it is expressed in different abundance in most organ systems including the brain, heart, kidney, limb, lung, and gonad (Lee et al., 2001) .
The surface protein CD53 is an indicator for the presence of the ets family transcription factor Pu.1. CD53 has been identified as one of the target genes that have been identified in Pu.1 knockout cells when stably transduced with a PU.1-expressing retrovirus (Henkel et al., 2002) . In our study, the myeloid-specific genes coding for CD11a, CD18, GM-CSFR-a, c-fes (1.6-fold) as well as the B-cell specific genes like Btk, CD27, vav-1 (1.8-fold) are downstream targets of Pu.1 complexes that contain several other transcription factors (e.g. Sp1, C/EBP, AML1, Oct). Pu.1 is expressed very early in precursors for myeloid and lymphatic lineages. An invariant consequence of Pu.1 mutations is a multilineage defect in the generation of progenitors for B and T lymphocytes, monocytes, and granulocytes.
GATA-6 protein is expressed in primitive endoderm structures and various mesoderm-and endodermderived tissues such as heart, liver, lung, gonad and gut where it plays a critical role -together with GATA-4 and GATA-5 protein -in regulating tissue-specific gene expression (Morrisey et al., 1996) . The homozygous knockout of GATA-6 led to embryonal lethality (days 5.5-7.5 p.c.), with defects in visceral endoderm function and subsequent extraembryonic development (Morrisey et al., 1998; Koutsourakis et al., 1999) . Interestingly, GATA-6 protein plays a role in vascular smooth muscle cells by regulating proliferation in response to mitogenic or mechanical stimulation.
LIM-kinase (LimK-1) plays a significant role in brain development, synapse formation and functions by acting on Rac-mediated actin reorganization and reverses cofilin-induced actin depolymerization (Yang et al., 1998) . Abnormal expression of LimK-1 is correlated with Williams syndrome, a mental disorder (Meng et al., 2002) . Between days 7.5 and 8.5 p.c, LimK-1 is expressed in three broad domains within the embryo, the neuroectodermal of the prospective forebrain and midbrain regions, the cardiac mesoderm, and the newly formed definitive endodermal derivatives, the foregut and hindgut. By day 10.0, LimK-1 remains prominently expressed in the ventromedial regions of the developing forebrain and midbrain, with continued expression in the hindgut. In adults, LimK-1 is expressed most prominently in the brain.
Verification of the obtained chip hybridization data by RT-PCR experiments
A series of oligonucleotides was designed and used with total RNA (DNA free) to perform RT-PCR experiments to verify the hybridization data, In a first step, a total of 48 genes were tested and 41 reactions resulted in a specific PCR product, In a second step, 25 of these target genes were amplified with 25, 30, and 35 cycles to semiquantitatively reproduce the observed gene expression differences in MLL À/À and MLL +/+ cells (all experiments were performed in triplicate). Representative results from 10 genes are shown in Figure 5 . Although this type of analysis does not allow us to draw any accurate conclusions, the observed results of the RT-PCR experiment were in good agreement with the data obtained from the chip hybridization experiments. Specific oligonucleotides were designed for the human homolog of the interesting candidate gene KyoT, named FHL-1, enabling the analysis of cDNA derived from human cell lines. As shown in Figure 6 , the Notch-1 1C inhibitor RAM14-1, named FHL-1C in the human system, was not found in the human T-cell line Jurkat, but was strongly expressed in the human t(4;11) cell line SEM (Greil et al., 1994; Marschalek et al., 1995) . This demonstrates that the KyoT/FHL-1 gene is not only highly transcribed in MLL À/À cells, but also alternatively spliced. Thus, alternative splicing and the steady-state amount of the KyoT/FHL-1 RNA in both the mouse and human system seemed to be affected by the gene dose provided by the endogenous Mll/MLL alleles.
Discussion
Potential MLL target genes have been unveiled by gene profiling experiments in a biological model system. Comparison of two independent experimental data sets led to the discovery of 197 potential target genes of the MLL protein, constituting the MLL MPSC. Interestingly, in the absence of MLL protein, more target genes were identified than in the presence of MLL (136 versus 61 target genes). This suggests that the MLL multiprotein supercomplexes are not only involved in the process of chromatin activation, but also in the process of chromatin inactivation. This is in agreement with the published data about the composition of the MLL MPSC : the supercomplex is constituted in part by central components of the NuRD and Sin3A complex, indicating that histone deacetylase activity -associated with transcriptional downregulation -is presumably a central function of the MLL MPSC at specific target genes. Several hox genes were transcriptionally influenced by the absence or presence of the Mll alleles. The three genes hoxA7, hoxC8, and hoxC9 were described before as being transcriptionally maintained by MLL expression (Yu et al., 1998; Milne et al., 2002) , thus verifying Negative controls were performed without template cDNA, while the positive control was endogenous GAPDH the versatility of the biological system used in this study. The same is true for the paired-like homeodomain transcription factor 2 gene (RIEG, Ptx2, ARP1) that has been identified to be transcriptionally activated by the MLL protein (Arakawa et al., 1998) .
Genes found to be activated in the presence of MLL protein code for factors involved in differentiation pathways, specially in the development of mesodermal and ectodermal tissues or organogenesis (e.g. COL6A3, DCoH, gremlin, b ig-h3, GDID4, Sprr1, Mfh-1, irx-3, dermo-1, several hox genes, GATA-6, LIMK). These genes affect muscle, heart, kidney, liver, limbs, bone, and the development of nerve cells, sensory organs and hematopoietic cells (summarized in Figure 7 ). This is in agreement with data from heterozygous MLL knockout experiments, where the expression of a LacZ reporter protein demonstrated MLL expression predominantly in the central nervous system, spinal ganglia, epithelial cells, endothelial cells, heart and liver (Yu et al., 1995; Ayton et al., 2001) . In summary, potential target genes identified in wild-type MLL cells are involved in differentiation processes, tissue repair, or tissue remodeling. In addition, p27kip1 and GAS-1 are known tumor suppressor proteins involved in cell cycle regulation.
The absence of endogenous MLL protein is linked to the expression of a variety of interesting candidate genes that might be important for leukemogenesis. The overexpression of the KyoT splice variant, coding for the RAM 14-1 protein, interferes with correct differentiation by inhibiting the Notch-1 pathway. The human homolog of the KyoT splice variant, FHL-1C, is overexpressed in the human t(4;11) cell line SEM, but was completely absent in the human T-cell line Jurkat. This argues for the possibility that the reduction of the MLL gene dose (haplo-insufficiency) is mimicking the Mll knockout situation, and moreover, in the absence of at least one Mll/MLL allele, splicing of certain mRNA species can be altered.
Other interesting candidate genes identified in the Mll knockout cell line, including HNF-3/BF-1, Mlf1, FBJ osteosarcoma oncogene, Tenascin C, PE31/TALLA-1, and Tumor protein D52-like gene, are all known to be overexpressed in malignant cells. Some other genes code Abbreviations: BMP, bone morphing proteins; TGF-, tumor growth factor-beta; Shh, Sonic hedgehog; Pc-G/Trx-G, Polycombgroup/Trithorax-group; Hox, hox genes influenced by Pc-G/Trx-G; AS-C, Antennapedia/bicoid complex; HNF-3/BF2, Hepatocyte nuclear factor-3/brain factor 2; C-myc, c-myc proto-oncoprotein; Hsp70/JNK, heatshock protein 70/Jun N-terminal kinase for proteins that modify the extracellular matrix and are important for tumor cell invasion (e.g. Serin protease inhibitor 4, Stromelysin-2/3). Thus, it seems that Mll knockout cells have upregulated genes that are linked to an oncogenic phenotype.
The fact that genes with oncogenic properties have been identified in Mll knockout cells has to be discussed also in the context of the available information of potential functions of MLL and MLL fusion proteins.
First, the common denominator of MLL translocations is the derivative 11 protein. As a result of a chromosomal translocation that occurs between MLL exons 9-12, only the AT hooks, the subnuclear localization sequences, and the MT domain are present in a given derivative 11 protein. All derivative 11 proteins are missing from the FYRN dimerization domain, and thus, should be unable to enter the MLL MPSC. However, derivative 11 proteins should target the same subnuclear compartment as the MLL MPSCs because of their subnuclear localization sequences (Yano et al., 1997) . Therefore, derivative 11 proteins may compete with MLL MPSCs for binding sites at control regions or promoters of MLL target genes. As a direct result, potential MLL target genes may be transcriptionally deregulated which mimic the MLL knockout situation to an extent. If this is true, the identified target genes in the Mll knockout cells become highly interesting candidates for further analysis and may be important for leukemogenesis.
Conversely, reciprocal derivative Z fusion proteins should be processed into an N-terminal peptide (comprising partner protein sequences, the PHD domain, and the dimerization domain FYRN) and an MLL-C peptide that is identical to the MLL-C peptide derived from the wild-type MLL protein. The N-terminal peptide may enter the MLL MPSC (through FYRN) and compete with wild-type MLL-N peptides for binding to MLL-C peptides. If this is true, the assembly of an MLL MPSC will be altered or prevented. Moreover, if a given partner protein offers domains with DNA binding activities, for example AF4 (unpublished data), an altered MPSC will be targeted to partner protein -specific DNA binding sites elsewhere in the genome, leading to ectopic gene activations or inactivations. In conclusion, the presence of a specific chromosomal translocation of the MLL gene correlated with human acute leukemias results in the expression of a derivative 11 and/or Z protein. The presence of derivative proteins may not only affect certain hox genes in their transcriptional activation or maintenance, but also may lead to broader changes in the genome. Such changes completely alter the gene expression pattern, similar to that observed in Mll knockout cells.
The results presented here do not claim that all possible MLL target genes were identified in this biological system. Moreover, we are aware of the fact that most genes identified in this study are presumably secondary and not primary targets of the MLL protein. However, the results of this study have helped to identify potential target genes affected by the presence or absence of MLL protein. A complete list of all 197 identified target genes, their log expression data, and the heatmap can be retrieved from our web site (MLL+.pdf; MLL-.pdf; Table1.pdf, Table2.pdf, HeatMap.pdf, Scatter.pdf; Oligo.pdf): http://www.biozentrum.uni-frankfurt.de/Pharmazeutische_Biologie/Mitarbeiter/Marschalek/Main.html. Many of the identified target genes are currently being investigated in the human system for their transcriptional activity to unravel their functional importance.
Materials and methods
Establishment of cell lines and cell culture
Fibroblasts from isogenic MLL +/+ and MLL À/À mice were isolated from dissected murine embryos at day 10.5 p.c. Cells were laced into cell culture and stable lines were obtained after transfection with an expression construct coding for the Polyoma large T antigen. Stable cell lines were cultured in Dulbecco's MEM (25 mm HEPES; Gibco-BRL), supplemented with 10% FCS Gold (PAA, Austria), 100 U/ml penicillin, 100 U/ml streptomycin, 2 mm glutamax and 50 mm -mercaptoethanol (all Gibco-BRL). Both cell lines were incubated in a humidified atmosphere (95%) with 5% CO 2 at 371C.
Chip hybridization: RNA purification, labeling and hybridization
We used 1 Â 10 7 cells to prepare total RNA using the Trizol (Gibco-BRL) purification method. This generally yielded between 80 and 100 mg total RNA. This RNA was further purified and DNase digested (RNase-Free DNase Set, Qiagen) on RNeasy columns (Qiagen) and the quality was examined by gel electrophoresis. If the ribosomal bands were intact, the RNA was determined to be of good quality and used for subsequent synthesis of biotinylated antisense RNA. In addition, RNA was tested for the absence of genomic DNA by specific PCR reactions using sets of GAPDH oligonucleotides.
For first-strand cDNA synthesis, 9 ml (13.5 mg) of total RNA were mixed with 1 ml of a mixture of three polyadenylated control RNAs, 1 ml 100 mM T7-oligo d(T)24 primer (5 0 -GGCCAGTGAATTGTAATACGACTCACTATAGGGAG GCGG-(dT24)-3 0 ), incubated at 701C for 10 min and put on ice. Next, 4 ml of 5 Â first-strand buffer, 2 ml 0.1 m DTT and 1 ml 10mm dNTPs were added and the reaction was preincubated at 421C for 2 min. Then, 2 ml (200 U) Superscript II (Life Technologies) were added and incubation continued at 421C for 1 h.
For second-strand synthesis, 30 ml of 5Â second-strand buffer, 91 ml of RNase-free water, 3 ml 10 mm dNTPs, 4 ml (40 U) Escherichia coli DNA polymerase I (Life Technologies), 1 ml (12 U) E. coli DNA ligase (TaKaRa), 1 ml (2 U) RNase H (TaKaRa) were added and the reaction was incubated at 161C for 2 h. Then, 2.5 ml (10 U) T4 DNA polymerase I (TaKaRa) were added at 161C for 5 min. The reaction was stopped by adding 10 ml 0.5 m EDTA, and the double-stranded cDNA was extracted with phenol/chloroform and the aqueous phase was recovered by phase lock gel separation (Eppendorf). After precipitation, the cDNA was restored in 12 ml of RNase-free water.
Double-stranded cDNA (5 ml) was used to synthesize biotinylated cRNA using the BioArray High Yield RNA Transcript Labeling Kit (Enzo Diagnostics, Santa Clara). Labeled cRNA was purified using the RNeasy mini kit (Qiagen). Fragmentation of cRNA, hybridization to MG_U74Av2 microarrays (Affymetrix), washing and staining as well as scanning of the arrays in a GeneArray scanner (Agilent) were performed as recommended in the Affymetrix Gene Expression Analysis Technical Manual. Absolute and comparison analyses were done using the Affymetrix GeneChip Analysis Suite 5.0 software. A scaling across all probe sets of a given array was included to compensate for variations in the amount and quality of the cRNA samples and other experimental variables.
Data analysis
After scanning, absolute and comparison analyses were carried out using the Affymetrix GeneChip Analysis Suite 5.0 software. A scaling across all probe sets of a given array was included to compensate for variations in the amount and quality of the cRNA samples and other experimental variables. To isolate differentially expressed genes, comparison files were further filtered using the Affymetrix Data Mining Tool 3.0 software. Filter criteria for robustly up-and downregulated genes included Change ¼ 'I' and Signal Log Ratio >1.32 and Change P-value >0.001 or Change ¼ 'D' and Signal Log Ratio oÀ1.32 and Change P-value >0.999.
RT-PCR analyses
RT-PCR analyses were performed as described (Lo¨chner et al., 1996) . All oligonucleotides used for this study are summarized in a document (Oligo.pdf) that can be obtained from our web sites (see above).
